The deformation characteristics of the metal matrix composites Ag/Ni and Al/Al 2 O 3 are studied at microstructural level by a scanning electron microscope-based grating method and finite element (FE) simulation. The measured strain was found to localize in narrow bands in the ductile matrix of both composites. In the case of the Al/Al 2 O 3 composite, the bands are preferentially initiated in Al regions adjacent to the interface of large Al 2 O 3 particles, leading to local strain maxima. The band positions found in the Ag/Ni composite are also affected by the less deformable Ni phase, but strain localization first occurs by sliding of single Ag grains sometimes located away from the Ni phase. Using a FE model of real phase geometry and measured border displacements as boundary conditions, the simulation agrees reasonably with the experiment. The differences in the case of the Al/Al 2 O 3 composite are due to particle cracks and voids at the particle/matrix interface. This effect was found in the experiment but not considered in modelling. For the Ag/Ni composite the band positions agree fairly well. However, the level and gradient of strain is clearly different as the crystallographic orientation of the Ag grains was not accounted for in modelling.
Introduction
Some numerical models have been proposed to simulate the effect of phase geometry on the overall and local elastic/ plastic response of metal matrix composites (MMCs). Most of these simulations are performed on idealized microstructures having uniformly distributed monosized microstructural features with simple shapes such as cylinders, cones or spheres (unit cell models). Based on these assumptions, Shen et al. (1995) have, for example, found that shape, relative size and spatial distribution of a brittle reinforcement in a ductile matrix should have a strong influence on the local stress and strain fields as well as on the overall stress±strain curve of the composite. An experimental verification of such results is, however, difficult. To test the overall stress-strain curve, macroscopic tensile specimens are needed which consist preferentially of material units with a phase geometry similar to that assumed for the unit cells in the model. The experimental check of the calculated local fields is complicated by the fact that the phase geometry in real microstructural areas as well as the displacements and forces acting at their borders differ from the assumptions taken for the idealized unit cell models.
A second approach is to model real microstructural areas of MMCs (Sautter et al., 1993; Steinkopff & Sautter, 1995; Wulf et al., 1996) . In this case, however, arbitrary assumptions about the boundary conditions must be made.
In order to overcome these problems of verification the authors have measured in a previous work the distributions of strain in microstructural areas of the MMC Al6061/ 10vol%Al 2 O 3 and the displacements at their borders by a scanning electron microscope (SEM)-based grating technique (Liu & Fischer, 1997) . This method is similar to the stereoimaging technique used by Davidson (1991) . For comparison with numerical results, the strain distributions were calculated using a finite element (FE) model of the real phase geometry and the measured border displacements as boundary conditions (Fischer et al., 1998; Crostack et al., 1999) .
In this paper, a corresponding analysis is made for a MMC consisting of two plastically deformable phases of different ductility. The results of the previous analysis and the new analysis are compared.
Materials and methods
The materials chosen for this study are the composites Ag/57vol%Ni and Ag/50vol%Ni with an average Ag grain q 2000 The Royal Microscopical Society size of 43 mm and 15 mm, respectively. The average grain size of the Ni phase of both composites is slightly different (8.6 mm and 6.9 mm, respectively). In addition, the system Al6061/10vol%Al 2 O 3 , already studied in a previous work, is considered for comparison. The MMCs were manufactured by hot isostatic pressing (Ag/Ni) and extrusion (Al/Al 2 O 3 ).
Tensile specimens were prepared, mechanically polished and artificially structured with gratings of gold dots (Fig. 1a) . The gratings are not strictly necessary for the following experimental procedure but guarantee a good contrast and homogeneous distribution of grey value edges in the SEM images. According to characteristic microstructural dimensions of the composites and consequently desired spatial resolutions of strain, grating distances of 5 mm (Ag/57 vol%Ni), 1.5 mm (Al/10vol%Al 2 O 3 ) and 0.5 mm (Ag/50 vol%Ni) were selected. The gratings with 5 mm and 1.5 mm distance were deposited by photolithography. To attain a spacing of 0.5 mm, electron beam lithography must be utilized (Fig. 1a) .
The specimens are mounted in a tensile stress-rig inside a SEM and uniaxially loaded with a constant crosshead speed. Digital images of microstructural areas are acquired before loading (reference image) and at various steps of strain.
Using an image correlation algorithm the images taken after straining are locally compared with the reference image in order to evaluate the local strain. This procedure is automatically performed in more than 3000 regularly arrayed subimages of the reference image and provides a discrete but dense distribution of strain values. From these distributions coloured contour maps of strain are calculated. The strain measurement accuracy is estimated to be in the range of 0.3±0.5%.
In the preparation of FE modelling, the experimental data were processed as follows. Firstly, binary bitmaps of microstructure were generated from the grey value images as shown in Fig. 1 (b) for a microstructural area of the Ag/Nicomposite with 50vol%Ni. In the binary images, the Ni phase is black and the Ag matrix is white. The grating is removed completely. Such bitmaps have been used for modelling the phase geometry by a FE net and for the assignment of the materials properties to the phases. Secondly, the displacements at the borders of these areas were estimated from the experimental data. In Fig. 1 (b) the displacement vectors are presented for one stage of deformation (arrows around the binary images). The vector length is very inhomogeneously distributed. The vector directions at the top and at the bottom differ markedly from the vertical direction of the tensile axis. The vectors on the left and on the right are not horizontal. It can be concluded from these findings that the assumption of stiff edges made in unit cell modelling would, in this case, lead to incorrect results. The variety of displacement vectors also reflects the influence of the inhomogeneous neighbourhood on the area of interest. This effect is suppressed, too, if a real microstructural area is modelled but embedded in a homogeneous material.
The two-dimensional FE net consists of six-noded triangular plane strain elements. The phases Al, Ag and Ni are characterized as isotropically hardening elasticplastic solids. Their stress±strain curves are described by a Voce-type expression with three parameters. The Al 2 O 3 particles of the Al/10vol%Al 2 O 3 system are taken to be isotropic elastic. A perfect bonding between the two phases of the composites is assumed. Using the large-strain code LARSTRAN (LASSO, Engineering Assocation, Stuttgart, Germany) and the measured border displacements as boundary conditions, the evolution of strain fields within the modelled microstructural areas was calculated. Further details of modelling can be found in our previous work (Fischer et al., 1998) . All experimental and numerical results presented here are distributions of the equivalent strain.
Results
In Figs 2(a)±(c) the evolution of the measured equivalent strain in a microstructural area (100 Â 100 mm 2 ) of the particle-reinforced composite Al/10vol%Al 2 O 3 is illustrated over an overall strain range of 0.4±3.1%. The contour maps overlaid on the microstructure reveal that the deformation is confined to narrow shear bands in the ductile Al matrix of the composite. Most of these bands are declined to the vertical tensile axis by about 458. As exemplified in Fig. 2 , such band structures are strongly influenced by the less deformable Al 2 O 3 phase. The flow band formation takes place primarily in matrix areas adjacent to ends and corners of large Al 2 O 3 particles as well as in particle/matrix interface sections orientated at about 458 to the loading direction. The extension of such bands is favoured by the presence of 458 orientated interfaces also.
As realistic information about phase geometry and boundary conditions was utilized as input data, the FE simulation (Fig. 2d ) agrees reasonably well with the experimental results (Fig. 2c) . The remaining discrepancy is caused by particle cracks and voids at the particle/matrix interface as well as by the fact that the actual composite is three-dimensional. The influence of these defects and the third dimension on the strain fields was found in the experiment but not accounted for in the model.
In Figs 3(a) and (c) the measured and calculated distribution of strain is compared for a microstructural area (458 Â 458 mm 2 ) of the composite Ag/57vol%Ni. The shear band structure in both strain maps is similar but the agreement is poorer than that of the system Al/ 10vol%Al 2 O 3 . Although the average strain in both strain maps is identical, higher strain peaks (red, yellow) as well as larger low strain regions (white) have been observed in the experiment (8 mm spatial resolution of strain). To find out the reason for this discrepancy, the microstructure has been analysed in regions where the difference between measured and calculated strain is particularly obvious. As exemplified in Figs 3(b) and (d), the measured strain is much higher than the calculated one in matrix grains with intense single or multiple slip. These grains are assumed to have crystallographic orientations favourable for slip.
Despite using much smaller microstructural areas (50 Â 50mm 2 ) and a corresponding higher spatial resolution (0.8 mm), similar results have been found when studying strain localization in the composites Ag/50vol%Ni (Fig. 4) . As for the Ag/57vol%Ni system, there is reasonable correspondence in the position of most shear bands. The measured strain contour plots, however, exhibit a higher tendency for strain localization and larger matrix regions that undergo a deformation , 0.4% (Figs 4(a) and (b) , top) and , 1% (Figs 4(c) and (d), bottom) . The strain maps considered in Fig. 4 are referred to two microstructural areas of the same specimen at the same stage of overall strain, but the average strain in the top area is lower than in the bottom one. This is due to a different Ni fraction. In the bottom area with lower Ni fraction and higher average strain (Fig. 4c) , a relatively large Ag grain containing four intense parallel sliding bands was found. In this region, the contrast with the calculated strain field is particularly evident (Fig. 4d) .
Discussion
The numerical approach adopted in this paper is based on the assumption of an isotropic undamaged continuum and perfect bonding between the two phases. Despite deviations from these assumptions caused by particle cracking and particle/matrix debonding, a reasonable agreement between calculated and measured strain fields was found in the system Al/10vol%Al 2 O 3 . This is because microstructural details that have a dominant effect on evolution of matrix deformation patterns, such as shape, spatial distribution and alignment of the Al 2 O 3 particles are taken into account by modelling the real microstructure. In addition, the brittleness of the Al 2 O 3 particles and the large difference in deformability of both phases have caused the shear bands to be initiated in matrix areas adjacent to particle/matrix interfaces. All these factors are correctly described by the model. The agreement between calculated and measured distributions of strain is, furthermore, favoured by the presence of a relatively large Al 2 O 3 particle in the centre of each microstructural area which governs the evolution of matrix deformation patterns to a large extent.
The phase geometry was realistically modelled for Ag/Ni composites also. But there is no single phase or microstructural feature that dominates the localization of strain as the large alumina particles do in the Al/10vol%Al 2 O 3 system. In contrast to Ag, Ni is less deformable but also deforms plastically. As a result, strain values . 1% are often found in the Ni phase, decreasing the strain gradients, in particular in the calculated strain maps. Owing to large strains within single Ag grains, favourably orientated for crystallographic sliding, higher strain gradients are present in the measured strain fields. This shows the grain structure of Ag to be more dominant in controlling the localization of deformation. A FE model only based on phase geometry and isotropic phase properties is therefore not so effective in predicting the actual strain distribution.
The resulting discrepancy between calculated and measured strain seems to have the same source for both types of Ag/Ni composite regardless of different spatial resolutions and dimensions of the microstructural areas studied. This is understandable as, for both composite types, the matrix grain structure is not accounted for in the modelling. However, its effect on strain localization has been found in the experiment owing to a spatial resolution less than a grain size. The ratios of spatial resolutions and grain size are 0.19 and 0.05 for the systems with 57 and 50% Ni, respectively. The better absolute spatial resolution in case of the system Ag-50% Ni, however, made it possible to detect single slide bands within grains.
Conclusion
The SEM based grating method has proved to be a powerful tool to get information about the localization of strain in microstructural areas of MMCs. The deformation was found to be confined to narrow bands in the ductile matrix of both composites studied. Most of these bands are declined to the vertical tensile axis by about 458. In the case of the Al/Al 2 O 3 composite, the position of the bands in the Al matrix is influenced by the less deformable Al 2 O 3 phase in such a way that these bands are preferentially initiated in matrix regions adjacent to the interface of large particles, leading to local strain maxima. The spatial distribution of bands found in the Ag matrix of two types of Ag/Ni composite is also affected by the less deformable Ni phase, but strain localization first occurs by slip in favourably orientated single Ag grains sometimes located away from the Ni phase. The effect of slip can be observed as the spatial resolution of the grating method is less than Ag grain size in both cases. Single sliding bands can be resolved only, using gratings with 0.5 mm grating distance made by electron beam lithography.
The FE simulation of strain localization process agrees reasonably well with the experimental results as realistic information about phase geometry and boundary conditions was utilized as input data. For the Al/Al 2 O 3 composite corresponding shear bands exhibit about the same strain level. Additional or non-apparent bands are mainly due to the influence of particle cracks and voids at the particle/matrix interface on the experimental results. A better correspondence can be reached by modelling the formation of these defects.
In the case of the two Ag/Ni composites the positions of the bands in experiment and FE calculation agree fairly, but the strain level within these bands and the strain gradients are clearly different. The experimentally observed strain localization due to a crystallographic gliding in favourably orientated Ag grains could not be found in the FE simulation as an isotropic material behaviour was assumed. In future work, the crystallographic orientation of the Ag grains will be measured using electron backscatter patterns and accounted for in FE modelling.
Owing to the small dimensions of microstructural areas, the role of local shear bands in initiating global failure cannot be identified. In consequence, numerical and experimental studies of strain localization at different length scales are planned.
